Nothing sets us humans apart from the rest of the animal kingdom quite like our brains. Our prodigious craniums allow us to communicate with each other in spoken language and give us insight into one another's thoughts and feelings. The human mind is also capable of extraordinary creativity and abstraction, epitomized by our works of art and literature. And our powers of logic and reasoning have unraveled the fundamental forces governing the cosmos, and the inner workings of life itself. The downside of such a potent brain, and a great irony, is that it has allowed us to multiply to such an extent that we are quickly fouling our own nest. This, together with the technology in hand to incinerate each other in a nuclear apocalypse, suggests the possibility that our brilliant minds will be our downfall. Oh, and lest we get too full of our cognitive powers, it should be pointed out that the human brain was also responsible for the pet rock.
From where in the human brain does all of this intellectual horsepower originate? Well, starting from the back and moving forward, the human brain, and in fact all mammalian brains, at fi rst appears to follow a blueprint common to all vertebrates. There is the requisite brainstem, for example, which controls the pace of our heartbeat and our breathing, or, as another example, the hypothalamus, which tells us whether we are hungry or sated, and keeps our bodies on a 24-hour rhythm. While essential, these functions are more concerned with the day-today business of existing rather than the intelligent behaviors we typically associate with a fully animated human being. It isn't until we move to the front that we see a remarkable shift in mammals. Where in other vertebrates the forebrain is a smooth, mostly featureless surface, in mammals we see a kind of wrinkling occurring where the surface has started to undulate.
In primates and a few species like dolphins and elephants the folding is even more accentuated, to the point where it gives the appearance of Play-Doh snakes intertwined with one another, or an intestine coiled in on itself. This is the cerebral cortex.
We now understand that it is the cerebral cortex and several structures underneath it that mediate most of the brain's 'higher level' functions -its ability to learn and remember, to track the body's position in space, and to control intricate movements with the hands, among many other things. At the most basic level, the function of the cortex is to use information sampled from the outside world by the eyes, ears, nose, and skin, and generate appropriate behaviors. In fact many neuroscientists argue that movement is the cortex's raison d'être, as movement, in the end, is what natural selection acts on.
If we take a cross-section through the cortex, we see a striking degree of organization. Early neuroanatomists like Cajal noted that the cortex is arranged like a layer cake, each layer being easily distinguished by the characteristic features of the neurons and fi ber types present. The work of pioneering electrophysiologists like Vernon Mountcastle then showed that, as we move up and down in the different layers of the cortex, the cells in a column function together in little microcircuits. And, fascinatingly, as we move laterally across the surface of the cortex, we fi nd that there is a tight correspondence between the function of the columns and the spatial arrangement of the receptors they receive input from, or the muscle fi bers they control. So, for example, in the visual cortex, which receives sensory information from the eye, a two-dimensional map of the activity patterns of the microcircuits would match a corresponding map of retinal activity.
Feature

The cryptic cortex
New data are overturning the classical view of the cerebral cortex as a mammalian invention. The closer we look, the more cortex-like features we see in a number of other vertebrates, including birds, which have evolved impressive cognitive abilities. Cyrus Martin reports.
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Bird brains and intelligence
The clear departure of the forebrain in mammals from the rest of the vertebrate world was interpreted by many early neuroanatomists to mean that the cerebral cortex is a mammalian invention, and might explain the special intelligence of some members of this group, including humans. However, there are a few inconvenient facts that undermine this story. Most problematic is that, despite the obvious supremacy of human intelligence and clear cognitive abilities of other mammals like dolphins, we in fact do see highly intelligent behaviors in non-mammalian vertebrates, in particular birds. Take tool use, for example. The image of an early hominid chipping away at a piece of fl int to make an arrowhead is emblematic of intelligent behavior. But we know that members of the corvid family -crows, ravens, rooks, jays, etc. -can fashion tools, too. New Caledonian crows, for example, bend small sticks into hooks that they use to coax insects out of trees and pieces of dead wood.
One of the more notable, recent examples of tool use in birds was an experiment by Bird (yes, Bird) and Emery, who showed that rooks could snatch a small grub fl oating in a waterfi lled container by dropping stones into it and raising the level of the water. The birds could do this despite the lack of any indication that they use tools in the wild. So here we have a case of an animal solving what appears to be a completely novel problem using the materials at hand. This kind of fl exibility is a trademark of intelligent thinking.
Aside from tools, members of the corvid family are also known for their impressive memories, particularly scrub jays, which cache food items and can remember hundreds of sites where they've left snacks behind. These birds even know what was left when, as they come back to items that are more perishable fi rst and ignore items that have likely spoiled. The caching behavior of scrub jays also involves complex social interactions that appear to require cognition. In particular, it was shown that scrub jays will move their food to a different site if watched by another bird during the initial caching, but only if they have experience burgling from the caches of other birds. This suggests that scrub jays can put themselves into another bird's 'shoes', and take steps to avoid being robbed.
Vocal learning and language
Like the use of tools, language is yet another trait that we typically associate only with humans, and yet we see the rudiments of language in other species in the form of vocal learning. Most vocalizations in the animal kingdom are innate or instinctive, the behavior essentially hardwired in the genome. But there are at least three mammalian species/groups -humans, cetaceans (whales, dolphins, etc.), and possibly bats -and, importantly, three bird groups -songbirds, parrots, and hummingbirds -that can learn a vocalization and accurately reproduce it.
Aside from humans, vocal learning has been best studied in songbirds. Work on zebra fi nches has shown that a young male bird (females don't learn vocalizations) needs an adult 'tutor' that it listens to during a critical period of adolescence. The young male will attempt to reproduce the tutor's song and, by listening to its own rendition, make adjustments until, after several months, the student has become the master. Investigations into the neural basis of vocal learning in birds has shown that there are several nuclei in the forebrain that can be grouped into an anterior and posterior circuit. The posterior pathway directly connects to motor neurons that innervate the muscles controlling the bird voice box. The anterior circuit, by contrast, appears to form a loop with the basal ganglia and thalamus. Disrupting either circuit has been shown to dramatically inhibit the ability of birds to learn their vocalizations and, in the case of the anterior circuit, can introduce defects akin to human stuttering, while importantly leaving previously learned vocalizations intact.
Hidden homologies
Clearly, in birds we see examples of intelligence far exceeding that in many mammals. How does this make sense in the light of the proposed link between the cerebral cortex and cognition? One perfectly reasonable answer is that you don't need a cortex to produce intelligent behavior. Another possibility, however, is that the outward appearance of the bird brain hides more cryptic similarities. During the 1960s, Harvey Karten, a neuroanatomist at the Walter Reed Army Institute of Research, decided to explore this question by dissecting the circuity of the bird forebrain. As Karten explains, his initial goals were modest. "Having started my career in clinical psychiatry, I was sensitized to the risk of premature conclusions regarding 'intelligence and higher cognitive functions' when trying to understand the organization and A folded mind: In this illustration comparing the brains of various animals, the highly folded structure of the mammalian cerebral cortex stands out, becoming especially exaggerated in humans. It is no wonder that neuroanatomists in the early part of the twentieth century, the time when this drawing was done, thought the cortex was unique to mammals. (Illustration from The Outline of Science, J. Arthur Thomson.) Current Biology 26, R937-R980, October 24, 2016 R943 evolution of the avian brain. I therefore chose to focus on the more readily identifi able primary sensory pathways, systems more readily analyzed and where morphological (cells and circuits, but less concerned with the macroarchitecture of 'cortex' vs. 'striatal masses') criteria for cells and pathways were more directly testable."
At the time, the avian forebrain, or pallium, was thought to be an elaborated basal ganglia, a structure lying just underneath the cortex in mammals. Unlike the mammalian cortex with its characteric folds and sharply defi ned layers, the bird pallium is smooth, with no clear evidence of layering. Instead, it appears to be organized as clusters of different cell types called 'nuclei'. Despite these gross differences, what Karten and others discovered was that the bird pallium has many of the same cell types as the cerebral cortex and, further, the connections between the nuclei are similar to those between the different layers of the mammalian cortex. Subsequent work over the years would establish other similarities, such as the columnar organization of the circuits and also evidence of the spatial mapping seen in the mammalian visual cortex. All of this work has culminated in the astounding conclusion that birds have a cerebral cortex after all! The acceptance of a bird cortex has been slow. Even today, many neuroanatomy textbooks continue to propagate the classical view of brain anatomy. To help rectify this, Erich Jarvis, a researcher at Duke University who studies vocal learning in birds, organized a symposium in 2004 to establish a new nomenclature of the bird brain based on the most upto-date evidence. The modern view emphasizes the clear homologies between mammals and birds, including the similar cell types and microcircuits of the cortex. One potential implication of this more modern view is that the similar cognitive abilities in the two groups, while evolving independently, may have been aided by a common underlying circuitry inherited from a common ancestor. Vocal learning in birds is a particularly striking example of the similarities.
"In all species examined, vocal learning is controlled by a convergent forebrain circuit through the cortex, basal ganglia, and thalamus that shares many properties with an adjacent motor learning circuit in them and in vocal non-learners." Jarvis says. "The vocal learning circuit in vocal learners, however, also has some specializations in connectivity, plasticity, and neurotransmission. Vocal learning, I think, is the most well-studied example of a convergent cognitive-like behavior across species." In one scenario, then, the various birds and mammals that have evolved vocal learning would have acquired this ability through slight modifi cations of an already existing pre-cortical circuitry.
The recent revelations concerning the bird brain raise the possibility that the cortex is quite old, at least as old as the fi rst amniotes. To provide better support for this idea, more data from other groups are required, particularly from reptiles. Interestingly, we do know that reptiles have some surprising cognitive abilities that may be consistent with the sophisticated computations we associate with the cortex and adjacent structures. The sea turtle, for instance, is widely known for its long migrations across the ocean to reach beaches suitable for laying eggs. Sea turtles use a combination of cues including the earth's magnetic fi elds and also visual cues to navigate across these vast The most sensible thing to do would be to look more broadly at other groups, particularly fi sh. But the most widely used experimental model, the zebrafi sh, is a ray-fi nned fi sh, which as a group is a bit of a fl uke when it comes to the pallium, as Steve Wilson, a developmental biologist at University College of London, makes clear. Wilson says, "Unfortunately in terms of nailing homologies, ray-fi nned fi sh are the most challenging (perhaps even more so than more primitive fi sh), as during development their pallium undergoes eversion (like the hindbrain) rather than the evagination seen in other vertebrates -meaning what's medial in mammals is lateral in teleosts. This makes it harder, but not impossible, to nail down the equivalence of different regions."
So it seems everything is turned inside out in ray-fi nned fi sh. As Wilson alludes to, however, things are a bit clearer in more primitive species. In the 1980s, Sten Grillner and his colleagues at the Karolinska Institutet pioneered the study of motor control in an ancient species, the lamprey. In fact, lampreys belong to a group that is sister to all jawed vertebrates. While the early work from his group focused on those brain regions like the brainstem, which show obvious conservation across vertebrates, Grillner has recently turned his distances. The animals appear to be able to build a mental map of where they are on the earth's surface, a function that in mammals has been linked to the hippocampus, a region of the mammalian brain that is continuous with the cortex. Indeed, when the equivalent part of the turtle brain is destroyed, the animal easily loses its way.
Determining the organization of the reptile brain is a key goal of Jarvis's current and future work. Thus far, the data are consistent with strong conservation. "By performing comparative anatomical gene expression profi ling on birds and different reptile species, we basically fi nd that the reptiles have mostly the same forebrain subdivisions as the avian brain, but with some differences too", Jarvis said, adding, "Basically, we are seeing that birds really are fl ying reptiles." In addition to gaining insight into living reptiles, Jarvis hopes to be able to reconstruct the brains of extinct representatives. In particular, using endocasts produced from fossils together with data from closely related living species like crocodiles, Jarvis aims to soon be able to reconstruct a dinosaur brain. One exciting prospect of such work is that we might one day be able to take a stab, if a tentative one, at inferring cognitive abilities in these long extinct creatures.
A fi sh cortex?
So we have now possibly pushed the origin of the cortex back to the attention to the pallium and the basal ganglia. Just this last year, Grillner reported some results that show some commonalities between the lamprey pallium and the mammalian cerebral cortex. Referring to this work, Grillner said, "we've shown that the projections from pallium (cortex) to motor centres in brainstem/spinal cord are present already in lamprey. This means that the projection pattern from cortex/pallium has been conserved throughout vertebrate phylogeny." However, Grillner notes that there is much left to be investigated, adding, "On the other hand the processing within pallium has yet to be studied in lamprey as well as in reptiles and birds." Still, given the phylogenetic position of lamprey, the few similarities thus far observed do suggest that some basic features of the cortex may have originated at the base of the vertebrate tree of life.
Recognizing similarities but embracing differences
This tracing of the cortex through the vertebrate tree of life has emphasized the similarities between the brains of a wide range of animals. We can clearly do away with the classical view that the brain has evolved in a linear fashion from fi sh, to the fi rst mammals, to humans by adding completely novel structures to the front of the brain in large steps. The cerebral cortex was clearly not an add-on in the mammalian lineage, explaining our intelligent behaviors. Rather, the more we look the more we see vestiges of the cortex in all vertebrates, some of which have evolved intelligent behaviors, perhaps from pre-existing ancestral circuitries. However, while recognizing similarities, it is also important not to diminish the differences. Brains have clearly specialized to process different types of information that they soak up from the environment and have evolved to produce a staggering array of behaviors to suit the niche they fi nd themselves in. And with regard to intelligent behavior, some neuroscientists are quick to point out that we shouldn't get too hung up on the link between the cerebral cortex and intelligence. Bence Ölveczky, a neuroscientist studying motor learning in songbirds and rodents at Harvard University says, "This notion that you need cortex for intelligent behavior has become a self-fulfi lling prophesy, as we now assign cortical structures to animals with intelligent behaviors. Cephalopods (e.g., octopus) are a good counter examples. They have intelligent behaviors but aren't even vertebrates. Honeybees are also pretty amazing, being able to generalize in ways few mammals can and capable of 'cognition'." Ölveczky continued, "On a deeper level, I don't think we need to fuel the idea of 'cortex' as a necessary substrate for intelligent behavior. The fi xation on cortex has in many ways been counter-productive for neuroscience. I'm of the mind that it is about circuit motifs and their capacity to perform computations, and less about the homologies. Whether these circuits are in cortex or not…. Just because pallium shares an origin with cortex doesn't mean that these are the only circuits that could give rise to intelligent behaviors."
Whatever perspective one takes, the future looks to be incredibly exciting for research in animal cognition. The advent of tools that allow direct manipulation of neuron activity in living animals, the development of stem cell technologies, and, most recently, the ability to genetically modify non-model organisms means that we now have the ability to make signifi cant inroads into questions that were out of reach just a few years ago. The horizon is bright if we can survive ourselves. Steno inhabited an age that had only just acknowledged that the brain is really where it's at -the seat of our perceptions, thoughts and feelings. This was in part because the heart, prime contender for that space since antiquity, had just recently been shown to be but a prosaic pumping engine. Now, there was a fl urry of interest in the brain. Anatomists went on to describe the exterior shape and structure of the brain, most prominently Thomas Willis in England, who with Christopher Wren produced some of the most staggering early brain images. But the brain proved a tough nut to crack. It wasn't like the heart, whose function could be inferred from looking at it carefully enough and with some clever experiments. Beyond the brain's macroscopic anatomy lay an impenetrable gooey mass that did not in any way offer an glimpse into how it worked.
No doubt Steno would be in awe were he to witness the astounding level of detail we can see in the brain today. We understand the matter that to him seemed impenetrable down to its subcellular structures. Just last year, in an epic effort that had spanned
Sizing up the soul's seat
As we are getting to understand the brain better and better on a microscopic scale, its macroscopic evolutionespecially brain size -still poses some riddles. Florian Maderspacher inquires.
